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Abstract
BACKGROUND: Silver nanoparticles (AgNPs), particularly those entrapped in polymeric nanosystems, have arisen as options
for managing plant bacterial diseases. Among the biopolymers useful for the entrapment of AgNPs, chitosan is promising
because of its low cost, good biocompatibility, antimicrobial properties and biodegradability. The present study aimed: (i)
to greenly-synthesize AgNPs using diﬀerent concentrations of aqueous extract of tomato leaves followed by entrapment
of AgNPs with chitosan (CH-AgNPs); (ii) to characterize the optical, structural and biological properties of the nanosystems
produced; (iii) to evaluate the antimicrobial activities of AgNPs and nanomaterials; and (iv) to assess the eﬀectiveness of AgNPs
and nanomaterials for controlling tomato bacterial wilt caused by Ralstonia solanacearum.
RESULTS: Spherical and oval AgNPs had incipient colloidal instability, although the concentration of the tomato leaf extract
inﬂuenced both size (<87nm) and the polydispersity index. Nanomaterials (<271nm in size) were characterized by a highly
stable matrix of chitosan containing polydisperse AgNPs. Free AgNPs and CH-AgNPs were stable for up to 30days, with no
signiﬁcant alteration in physicochemical parameters. The AgNPs and nanomaterials had antibacterial activity and decreased
bacterial growth at micromolar concentrations after 48 h. Morphological changes in R. solanacearum cells were observed after
treatment with CH-AgNPs. The application of CH-AgNPs at 256𝛍mol L−1 reduced the incidence of bacterial wilt in a partially
resistant tomato genotype but not in the susceptible line.
CONCLUSION: Greenly-synthesized chitosan-derived nanomaterials containing AgNPs produced with leaf extracts from their
own species appear to comprise a promising and sustainable alternative in an integrated management approach aiming
to reduce the yield losses caused by bacterial wilt.
© 2019 Society of Chemical Industry
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INTRODUCTION
Over 200 bacteria species can cause diseases in plants.1 Control
practices for themanagementof bacterial diseases are very limited
and there is an urgent need to develop truly eﬀective solutions
to this problem. Traditionally, the most common strategies to
control bacterial diseases are crop resistance obtained either by
conventional breedingprogramsor genetically-modiﬁed varieties,
crop rotation, water management, planting cleanmaterials (seeds
or plant parts) and chemical sprays using copper compounds.2
However, the threat posed by antibiotic resistance led to the ban
of this class of antimicrobial compounds for managing bacterial
diseases in plants, with the other approaches being only partially
eﬀective.2 Thus, additional plant disease control methods that are
eﬀective and environmental-friendly will likely play a major role
over the coming years.
The antimicrobial properties of silver nanoparticles (AgNPs) have
been examined in diﬀerent areas because of their strong and
wide range of action.3 These nanostructures have variable shapes
and sizes, depending on the synthesis process. Several studies
successfully reported the biosynthesis of AgNPs using plant mate-
rials as reducing agents, such as Anacardium othonianum,4 Aloe
vera,5 Emblica oﬃcinalis,6 Artemisia absinthium,7 Pelargonium sp. 8
and Ilex paraguariensis9 as a result of the eco-friendly and simple
processes required for their synthesis.
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The activity of AgNPs has been cosidered and several mecha-
nisms of action have been proposed, such as inhibition of respi-
ration, reduction in enzyme and protein functions, and interaction
with phosphorus in DNA, which impairs cell replication.10 Appar-
ently, Ag+ ions and AgNPs have similar actions. However, there is
an enhanced antibacterial activity for AgNPs mainly as a result of
an increase in the amount of Ag+ locally released upon association
with bacterial cells. Additionally, the routes by which nanomateri-
als are synthesized aﬀect their eﬀectiveness, decrease the toxicity
by directing themetal to a speciﬁc target, and increase the antimi-
crobial activity.11
Chitosan is a biopolymer that is frequently used to stabilize
metal nanoparticles, including AgNPs, as a result of its adsorp-
tion properties, biodegradability and non-toxic eﬀects.12–14 When
combinedwith silver-basedmaterials, chitosannanoparticles have
synergistic eﬀects that contribute toward enhancing antimicrobial
properties.15 Moreover, their antimicrobial activities and the capa-
bility of inducing immunity in plants contribute to the increasing
interest in the use of this biopolymer.12
The major bacterial genera that infect plants are Pseudomonas,
Agrobacterium, Xanthomonas, Erwinia, Xylella, Pectobacterium,
Dickeya and Ralstonia.16,17 Plant pathogenic species of Ralstonia
cause bacterial wilt, which is a devastating disease that still lacks
eﬀective control. Among them, R. solanacearum (Smith) is one the
most well-known plant pathogenic species.18 This pathogen has
an extensive host range, spanning beyond 50 botanical families
and showing a worldwide distribution.19,20 Despite the large num-
ber of host species, bacterial wilt is more intensively studied in
banana (Musa sp.) (in which it is also known as Moko disease) and
in solanaceous plants, particularly on potato (Solanum tuberosum
L.) and tomato (Solanum lycopersicum L.).21 The pathogen infects
tomato plants via wounds and secondary roots, then invades the
xylem, where the bacterial population can rapidly increase, caus-
ing degradation of the occluded vessels, wilt and plant death.22
Currently, no chemical compound is used to control bacterial wilt.
Nevertheless, the losses experienced in many crops as a result of
bacterial wilt, particularly in the tropics, where it aﬀects important
staple crops in poor countries, require the assessment of as many
new products as possible.
Recent studies using diﬀerent nanomaterials to control R.
solanacearum have shown promising results. Imada et al.23
demonstrated a reduced incidence of root infection of tomato
seedlings drenched with MgO nanoparticles prior to inoculation
with R. solanacearum. This treatment probably induced systemic
resistance in tomato. In another study, single-walled carbon nan-
otubes and graphene oxide damaged the cell membrane and led
to the release of cytoplasmic material of a copper-resistant strain
of R. solanacearum, resulting in strong antibacterial activity.24
Chitosan polymer functionalized with cinnamic acid also con-
trolled the mulberry bacterial wilt pathogen.25 The use of AgNPs
stabilized with polysorbate 80 showed increased bacterial activ-
ity against R. solanacearum compared to AgNPs alone. Severe
damage to the bacterial cell membrane, destruction of cellular
proteins and a reduction of the incidence of wilt were observed in
tobacco.26 Similarly, phytofabrication of AgNPs using an aqueous
extract of Helianthus tuberosus,27 mangrove associate Hibis-
cus tiliaceus leaf extract28 and red algae Hypnea musciformis29
were shown to be excellent antibacterial candidates against R.
solanacearum in vitro. However, to date, all of the studies using
AgNPs to control R. solanacearum were conducted only in vitro.
Additionally, to our knowledge, no study has assessed the eﬀects
of AgNPs synthesized using tomato leaf extracts associated with
chitosan against any soil inhabitant plant pathogenic bacteria.
Thus, the present study aimed to: (i) synthesize and characterize
AgNPs using diﬀerent concentration of tomato leaf extract and
AgNPs associated with chitosan; (ii) evaluate the in vitro antimi-
crobial activities of the synthesized AgNPs and chitosan-based
silver nanomaterials; and (iii) assess the eﬃcacy of AgNPs and
chitosan-based silver nanomaterials with respect to controlling
bacterial wilt in tomato plants.
MATERIALS ANDMETHODS
Plant extract
Tomato leaves were collected from 45-day-old asymptomatic
tomato plants of cultivar Duradouro grown in a greenhouse
in Gama, Federal District, Brazil. The leaves were immersed in a
solution of Extran® detergent (Merck Millipore, Burlington, MA,
USA) diluted 1000× in distilled water and rinsed with deionized
water. After being dried at room temperature, the leaves were
weighed, groundwith liquid nitrogen and stored in polypropylene
tubes at −20 ∘C until use. One gram of leaves was boiled in 10 mL
of deionizedwater using a heater plate for 2 min. Thematerial was
ﬁltered through Qualy No. 7 (14 μmpore) ﬁlter paper (Qualy Com-
ercial Eireli, Passos, MG, Brazil). The ﬁnal volume was adjusted to
10 mL. The light green aqueous extract ﬁltrate was used to pro-
duce the AgNPs.
Synthesis and characterization of silver nanoparticles
Three diﬀerent concentrations of aqueous extract ﬁltrate (derived
from 5, 10 and 20mg of leafmL−1) were evaluated as phytochem-
ical precursors for the formation of AgNPs. Silver nitrate (AgNO3)
(Sigma-Aldrich, St Louis, MO, USA)was used as the precursormetal
salt in aqueous solution to a ﬁnal concentration of 1 mmol L−1 for
the synthesis of AgNPs. Each one of the synthesis reactions was
evaluated with their respective aqueous extract and AgNO3 used
as negative controls, and absorbance readings occurred after 0,
1, 2, 4, 8, 12, 16, 20 and 24 h of incubation at 50 ∘C. AgNPs pro-
duced by using tomato leaf extract at concentrations equivalent
to 5, 10 and 20mg of leafmL−1 were named as 5AgNPs, 10AgNPs
and 20AgNPs, respectively. Visible absorbance curves at 450 nm
of the reactions of 5AgNPs, 10AgNPs and 20AgNPs were obtained
over 24 h of monitoring. In addition, the synthesized AgNPs were
evaluated throughout thewavelength rangeof 350–550 nmusing
plastic cuvettes of 1 cm light path in a ultraviolet (UV)-visible
spectrophotometer Q898U (Quimis, Diadema, Brazil) after 24 h to
determine the maximum absorbance peaks.
Measurements of hydrodynamic diameters (HD), Zeta potentials
and polydispersity indexes (PdI) were performed using the Zeta-
Sizer Nano ZS (Malvern Instruments, Malvern, UK) instrument with
a He–Ne laser (4 mW) operated at 633 nm for the dynamic light
scattering (DLS) technique for thedeterminationof theHDandPdI,
as well as electrophoretic mobility, for the assessment of the Zeta
potential. For each analysis, samples were diluted with deionized
water at a ratio of 1:20. The samples were analyzed in triplicate,
with the number of steps in automatic mode, and the scattering
angle was set to 173∘ at 25 ∘C. Data were analyzed using the Zeta-
Sizer software (Malvern Instruments). The processes of synthesis
and measurements of HD, Zeta potential and PdI of AgNPs were
repeated three times to assess reproducibility.
Synthesis of chitosan nanoparticles
AgNPs immersed in a polymeric matrix of chitosan were produced
using the ionic gelation method with the addition of sodium
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tripolyphosphate (TPP) as a cross-linking agent. Polymeric solu-
tion was prepared with 2 mgmL−1 of low molecular weight chi-
tosan (Sigma-Aldrich) dissolved in 0.3 mol L−1 acetic acid solution
for 1 h with magnetic stirring followed by ﬁltration through a cel-
lulose acetate membrane with pores of 0.22 μm. The solution was
mixedwith AgNPs (equivalent to 100 μgmL−1 AgNO3) synthesized
using 5 or 10 mg of leavesmL−1 and previously named 5AgNPs
and 10AgNPs, respectively. Twomilliliters of TPP aqueous solution
(8 mgmL−1) was added dropwise over 1 min. The polymeric nano-
materials containing AgNPs were named 5CH-AgNPs (chitosan,
TPP and AgNPs synthesized using 5 mg of ground leavesmL−1),
10CH-AgNPs (chitosan, TPP and AgNPs synthesized with 10 mg of
ground leavesmL−1) and their respective controls (chitosan, TPP
andextract of 5or 10 mgofground tomato leaveswithoutAgNO3),
named 5CH and 10CH, respectively. The stability of the AgNPs and
polymeric nanomaterials was assessed twice at 30-day-intervals
using the ZetaSizer Nano ZS (Malvern Instruments). The process
of synthesis of nanosystems was repeated three times to assess
reproducibility. Statistical analyseswere conducted using one-way
analysis of variance (ANOVA) test followed by the least signiﬁ-
cant diﬀerence mean comparison test (at P= 0.05) using the R
software.30
Transmission electronmicroscopy and atomic force
microscopy
Transmission electron microscopy (TEM) and atomic force
microscopy (AFM) were used to characterize the shape, dis-
tribution and size of: (i) AgNPs and chitosan nanomaterials
and (ii) the morphology of bacterial cells before and after
treatment with the nanomaterials. AgNPs and chitosan nano-
materials were diluted in water (1:100) and deposited onto
Formvar-coated copper grids before the analysis and kept in a
protected cabinet overnight to dry. TEM images were obtained
using a JEM-1011 transmission electron microscope (Jeol, Tokyo,
Japan) with a work voltage of 100 kV. The AFM images were
acquired in dynamic mode, at 512× 512 lines resolution using a
Shimadzu SPM-9600 (Shimadzu Corp., Kyoto, Japan) equipped
with a scanner with maximum x and y dimensions of 125 μm.
The images were processed to correct the scan plane with the
oﬄine software provided with the instrument. Bacterial cells
treated or not with 64 and 128 μmol L−1 of 10CH-AgNPs for
48 h were examined after ﬁxation in methanol and deposited
onto a glass circular coverslip. The analyses were performed in
contact mode, with areas of 12.5× 12.5 μm2 at 512× 512 lines
resolution. The images were processed to correct the scan plane
and the average roughness of bacterial cells were performed
from 100 measurements in areas of 40× 40 nm2 using the oﬄine
software.
In situ Fourier-transform infrared spectroscopy studies
Fourier-transform infrared spectroscopy (FTIR) analyses allowed
the identiﬁcation of probable functional groups of compounds
potentially involved in the process of reduction and stabilization
of AgNPs and chitosan nanomaterials. The spectra were obtained
using a Vertex 70 (Bruker Corporation, Billerica, MA, USA) spec-
trometer in the attenuated total reﬂectance conﬁgurationwith the
liquid samples. Twomicroliters of each sample were deposited
onto a diamond crystal and the analyses were carried out in the
region between 4000 to 350 cm−1, with resolution of 4 cm−1 and
32 scans. Data were acquired and processed using OPUS, version
7.2 (Bruker Corporation).
In vitro study
To determine theminimum inhibitory concentration of the AgNPs,
RS489 isolate of R. solanacearum, characterized as phylotype II,
biovar 1 (Culture Collection of Embrapa Hortaliças, Brasília, Brazil)
was cultivated in liquid CPG medium without tetrazolium31 for
48 h at 28 ∘C. Cell suspensions were adjusted to obtain an optical
density at a wavelength of 600 nm (OD600)= 0.100 with a spec-
trometer Q798U (Quimis), which corresponds to approximately
108 ufcmL−1. Twenty microliters of bacterial cells were added to
180 μL of CPG medium with AgNPs/CH-AgNPs and dispensed
in a well of a microplate. The pathogen was exposed to dif-
ferent AgNPs (5AgNPs and 10AgNPs) and chitosan nanomateri-
als (5CH-AgNPs and 10CH-AgNPs), at diﬀerent concentrations: 4,
16, 32, 64, 128 and 256 μmol L−1. Distilled sterilized water, chi-
tosan solution and Ag+ were used as controls. The minimum
inhibitory concentration was assessed in three replicates (one
well of the plate was considered as a replicate). The microplates
were sealed with Paraﬁlm and kept at 28 ∘C for 24 and 48 h.
The optical density (OD600 nm) was measured after 24 and 48 h
with the microplate reader ELX 808 IU (Biotek Instruments Inc.,
Winooski, VT, USA). The rate of growth was determined by sub-
tracting OD600 data of the time 0 h from the data at 24- and 48-h
intervals. ANOVA assumptions (normality and homoscedasticity of
the errors) were checked and the results were expressed as the
mean± SEM by AgNPs or CH-AgNPs/concentration/day. Statistical
analyses were performed with the R software.30 The ﬁtted logis-
tic curves were constructed to analyze the concentration required
to inhibit 50% and 90% of bacterial growth (IC50 and IC90, respec-
tively.
In vivo study
Two contrasting tomato cultivars, Ellen, partially resistant, and,
L390, susceptible to bacterial wilt, were sown in 128-cell polyethy-
lene trays, containing Plantmax (Terralift, Market Deeping,
UK) substrate. Plants were grown for 40 days in a greenhouse
(28± 3 ∘C), and then treated with 1 mL of AgNPs (5AgNPs
and 10AgNPs) and chitosan nanomaterials (5CH-AgNPs, 5CH,
10CH-AgNPs, 10CH) at 128 or 256 μmol L–1 (equivalent concen-
tration to AgNO3) and the extract of tomato leaves (5E and 10E).
Treatments were applied by pipetting nanoparticles and nanoma-
terials directly to the surface of the substrate, near the roots. Plants
treated with water were used as controls. After 2 days, treated
seedlings were sprayed with R. solanacearum (OD600 = 0.100) with
one spray application of approximately 1mL of the suspension
in each side of the substrate of the seedling. After inoculation,
plants were removed of the polyethylene trays and transplanted
to pots with sterile soil mixture, one plant by 0.5 L pot. Each treat-
ment was applied to 10 experimental units (one experimental
unit= one plant pot–1). Three replicates of each treatment were
assessed at diﬀerent times (three blocks of 10 plants each). Wilt
incidence was evaluated every 2 days, from day 2 up to day 15
after pathogen inoculation. Incidence was calculated as the ratio
between the number of wilted plants divided by the total number
of plants at the beginning of the evaluations multiplied by 100 to
express the results in percentage. A plant with any symptom of
wilt was considered as an infected. Disease progress was assessed
by plotting incidence data over time and the area under the dis-
ease progress curve (AUDPC) was calculated for each treatment.
AUDPC values were subjected to ANOVA, and protected Fisher’s
least signiﬁcant diﬀerence test at 𝛼 = 0.05 was used to compare
treatment means.
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Figure 1. Reaction tubes containing an aqueous solution of Ag+ (A) and
suspensions of AgNPs synthesized using 5 (B), 10 (C) and 20 (D) mgmL−1
of tomato extract over 24 h.
RESULTS
Optical properties, structure and Zeta potential of silver
nanoparticles
After 24 h of reaction between AgNO3 and the aqueous extract of
tomato leaves, there was a change in color, which is considered
as indicative of the formation of AgNPs. In all reaction tubes, a
yellow color colloidal suspension was observed, except in those
reactions with only extract of tomato leaves (5E and 10E, data
not shown) or Ag alone (Fig. 1). There was an increase in the
absorbance around 450 nm (Fig. 2A). Moreover, the absorbance
values of 5AgNPs, 10AgNPs, 20AgNPs and free Ag reactions were
also measured in the visible region of the electromagnetic spec-
trum (350–550 nm) using UV–visible spectroscopy. Except for the
AgNPs synthesized using 20mg of extractmL−1, the other treat-
ments resulted in an increase in UV-visible spectra above 400 nm.
A peak with absorbance between 430–440 nm was observed in
5AgNPs, indicating the formation of AgNPs (Fig. 2A). An increase of
absorbance was observedwith the increase of the extract concen-
tration (Fig. 2B). Nopeakwasdetected in freeAg, thus therewas no
evidence of any nanostructure formation and hence no evidence
of a surface plasmon resonance (SPR) eﬀect (Fig. 2B).
Diﬀerent physical characteristics were observed using DLS,
electrophoretic mobility (Zeta potential) and TEM analyses. DLS
allowed determination of the HD of suspended particles by light
scattering and the distribution of population sizes of the particles
analyzed by determining the PdI, and electrophoretic mobility
allowed determination of the particles surface Zeta potential. The
HD (Z-average) for the 5AgNPs and 10AgNPs suspensions was
51.9± 11.6 nmwith a bimodal distribution and 86.3± 1.5 nmwith
an unimodal distribution, respectively (Fig. 3F and Table 1).
According to Murdock et al.,32 the PdI value of around 0.500
observed for 5AgNPs indicated a polydisperse distribution. Other-
wise, when 10 mgmL−1 of extract of tomato leaveswas used in the
reaction medium (10AgNPs), monodisperse nanoparticles were
observed (PdI= 0.22± 0.01). Indeed, the present study showed
that the amount of extract of tomato leaves inﬂuenced the size
and PdI of the AgNPs (Table 1). The Zeta potentials of both AgNPs
synthesized were negative: −13.7± 1.6 and −20.1± 1.6 mV for
5AgNPs and 10AgNPs, respectively. Based on these values, the
AgNPs were classiﬁed as having incipient instability (Table 1).
The higher concentration of tomato leaf extract evaluated
regarding the potential to synthesize AgNPs (20mgmL−1) resulted
in sub-micrometric particles with an HD of 551.2± 17.7 nm,
0.732± 0.2 of PdI and 14.0± 0.8 mV of Zeta potential (data not
shown). Indeed, the antibacterial activity of 20AgNPs was not
investigated as a result of the high precipitation after synthesis, as
well as the high HD size of these particles, and thus no evidence
of AgNPs formation in the SPR test.
To attempt to enhance the stability, penetration and eﬀective-
ness, AgNPs synthesized with 5 and 10 mgmL−1 were coated with
chitosan of low molecular mass and then named 5CH-AgNPs and
10CH-AgNPs, respectively. The average HD for the 5CH-AgNPs and
10CH-AgNPs nanomaterials was 249.5± 7.8 and 270.9± 5.8 nm,
respectively, and the formation of a matrix containing AgNPs
was observed (Fig. 4A). Recently synthesized 5CH-AgNPs and
10CH-AgNPs were characterized with PdI > 0.400 and a positive
Zeta potential around 50mV, indicating polydisperse and highly
stable nanomaterials (Fig. 4B,C).
Additional characterization of size, shape and agglomeration of
AgNPs and chitosan nanomaterials was accomplished using TEM
(Fig. 3A–D). There was high concentration of non-agglomerated
spherical and anisotropic AgNPs, which occurred in varied sizes
andwith irregular edges coated by a capping agent (Fig. 3A,B). The
same pattern was observed in the nanomaterials 5CH-AgNPs and
10CH-AgNPs (Fig. 3C,D). Chitosan molecules were not observed
using this technique. The size (dry diameter) of AgNPs and
nanomaterials averaged 35 and 50 nm, respectively. There was
diﬀerence in size comparing diﬀerent concentrations of leaf
extracts among AgNPs and nanomaterials based on measure-
ments obtained from TEM; however, there was no diﬀerence in
size for AgNPs with or without chitosan in their composition
(P> 0.05) (Fig. 3E).
Stability and reproducibility of synthesized AgNPs
and chitosan nanomaterials
The synthesized AgNPs and chitosan nanomaterials were stored
at 10 ∘C for 60 days. The kinetic stabilities were evaluated based
on size, PdI and Zeta potential as assessed at 0, 30 and 60 days after
synthesis. The nanoparticles (5AgNPs and 10AgNPs) and nano-
materials (5CH-AgNPs, 5CH, 10CH-AgNPs and 10CH) were stable
for up to 30 days, without any signiﬁcant changes in size, PdI
and Zeta potential. After 60 days of synthesis, the PdI value
of 5AgNPs and the size of 10AgNPs changed (P< 0.05) (Fig. 4A–C).
Additionally, the Zeta potential values also varied (P< 0.05)
(Fig. 4C). For the nanomaterials based on chitosan, the main
alteration was registered for the size of the particles 5CH, 10CH
and 10CH-AgNPs (P< 0.05) (Fig. 4A). There was also a change
in PdI value for the 5CH-AgNPs. No signiﬁcant diﬀerences were
observed among nanomaterials in Zeta potential values (Fig. 4C).
No diﬀerences were observed among the results from the three
syntheses of nanoparticles (5AgNPs and 10AgNPs).
FTIR
FTIR measurements were carried out to identify the possible func-
tional groups present in biomolecules from S. lycopersicum leaf
extract and their role in the synthesis of AgNPs, aswell as the role of
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Figure2.Visible absorbance curves of 5AgNPs, 10AgNPs and20AgNPs (and controls) inwavelengths ranging from350 to 550 nmafter 24 h (A) and kinetics
of formation of AgNPs produced with 5, 10 and 20mgmL−1 of tomato leaf extract named 5AgNPs, 10AgNPs and 20AgNPs (and controls), respectively (B).
molecules as coating agents. The spectra of the extract of S. lycop-
ersicum showed absorption bands at 2922, 2852, 2360, 2674, 1602,
1431, 1201, 1136 and 1045 cm−1 (Fig. 5). The band at 2922 cm−1 is
an indication of aliphatic stretching. The band at 2360 cm−1 can
be assigned to the stretching vibration of oleﬁnic compounds. The
absorption in the region of 1602 cm−1 suggests the axial vibration
of C=C double bonds in aromatic groups. The band at 1431 cm−1
indicates carboxylate groups. The peak at 1201 cm−1 refers to the
C-O and the band near 1045 cm−1 is an indication of C-O-C stretch-
ing. The AgNPs spectrum presented the same bands as tomato
leaf extract but with suppression of the bands at 2922 and 2852
of cm−1, and the occurrence of a band at 1350 cm−1, which pos-
sibly related to the NO stretching mode of the nitric functional
groups. Upon the addition to chitosan, the absorption bands at
1599 and 2365 cm−1 are related to chitosan shifts.33–35 The band at
1413 cm−1 is characterizedby the stretchingvibrationof the amino
group in chitosan, and the peaks in the range 1070–1028 cm−1
represent the saccharide structure of chitosan.
AgNP biological properties in vitro and in vivo
The eﬀects of six concentrations of AgNPs and chitosan nanoma-
terials against R. solanacearumwere tested in vitro. The nanomate-
rials 5AgNPs, 10AgNPs, 5CH-AgNPs, 5CH, 10CH-AgNPs and 10CH
completely inhibited the growth of R. solanacearum at 64, 128
and 256 μmol L−1 when tested at 24 and 48 h of incubation. Tests
basedon incubationwith equivalent concentrationsof tomato leaf
extracts did not diﬀer from the control plant treated with water.
A sigmoidal logistic curvewas ﬁtted to thebacterialwilt progress
upon plant inoculation. The r2 values were higher than 0.90
and the SEs values were low, indicating a proper model ﬁt to
the data. After 24 h, based on the logistic curves, IC50 and IC90
values were calculated and the lowest values were found for
free Ag+, 5AgNPs and 10AgNPs, varying from 9.1 (5.7–12.5) to
18.0 (10.6–25.3) μmol L−1 for IC50, and 30.2 (18.9–41.4) to 58.9
(41.5–77.3) μmol L−1 for IC90 (Table 2). The IC50 and IC90 values of
nanomaterials had very similar results compared to chitosan. How-
ever, after 48 h the lowest values for IC50 and IC90 indicated a better
activity of nanomaterials (5CH-AgNPs and 10CH-AgNPs) and chi-
tosan (5CH and 10CH) compared to 5AgNPs andAg+. These results
suggest that nanomaterials inhibit bacteria more eﬀectively after
24 hupon contact. In addition, the 10AgNPswas themost eﬀective
formulation for inhibiting the growth of R. solanacearum in vitro.
Both 5CH-AgNPs and 10CH-AgNPs resulted in the smallest
values of AUDPC when investigating the chitosan nanomate-
rials 5CH-AgNPs and 10CH-AgNPs with respect to controlling
bacterial wilt in tomato plants (Fig. 6). Moreover, 5CH-AgNPs
and 10CH-AgNPs were more eﬀective compared to 5AgNPs,
10AgNPs, 5CHand10CHat concentrationsof 128and256 μmol L−1
(P< 0.001) in Ellen cultivar. Apparently, the amount of extract does
not change the in vivo activity against R. solanacearum as observed
for nanomaterials produced with 5 and 10 mgmL−1 of tomato
leaf extract. All other treatments and chitosan nanomaterials
applied at the concentration equivalent to 128 μmol L−1 did not
diﬀer from the control and no phytotoxicity was observed. Ran-
domly selected wilting plants tested positive for the ooze test in
water, thus indicating that R. solanacearum was the sole agent
responsible for this symptom.
Concentration-dependent eﬀect of silver nanoparticles
in bacteria and colonymorphology
The eﬀect of concentration of 10CH-AgNPs in R. solanacearum
was assessed after 48 h (Fig. 7). The roughness of the bacterial
cell wall increased with nanomaterial concentration. The average
nanoroughness value for R. solanacearum cell wall was 400 nm at
64 μmol L−1 (Fig. 7B), whereas it was near 500 nm at 128 μmol L−1,
and the cell length increased (Fig. 7C). At 64 and 128 μmol L−1, it
was possible to observe protuberances on cell wall, with a higher
intensity at a higher concentration of AgNPs.
DISCUSSION
The antibacterial activity of green-synthesized AgNPs is reported,
both in vitro and in vivo, as an alternative for managing bacterial
wilt caused by R. solanacearum. Diﬀerent studies have shown that
plant extracts and microorganisms can be used to reduce silver
ion to form silver nanoparticles with peculiar physicochemical
and biological activities.8,36 The biosynthesis of AgNPs mediated
by diﬀerent concentrations of tomato leaf extract was eﬃcient
with respect to producing biologically active AgNPs against R.
solanacearum. Tomato fruit extracts have been used previously to
wileyonlinelibrary.com/jsfa © 2019 Society of Chemical Industry J Sci Food Agric 2019; 99: 4248–4259
4253
Silver and chitosan nanoparticles to control bacterial wilt www.soci.org
Figure 3. Transmission electron micrographs of AgNPs synthesized using 5 mgmL−1 tomato leaf extract (5AgNPs) (A) or 10 mgmL−1 tomato leaf extract
(10AgNPs) (B), nanomaterial derived from5AgNPs associatedwith chitosan (5CH-AgNPs) (C), nanomaterial derived from10AgNPs associatedwith chitosan
(10CH-AgNPs) (D), dry diameter assessed by TEM of AgNPs and chitosan-based nanomaterials (E) and hydrodynamic diameter dispersion of nanoparticles
and nanomaterials (F). Scale bars= 20 nm.
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Table 1. Nanoparticles size (nm), polydispersity index (PdI) and Zeta potential of two types of AgNPs produced with diﬀerent concentrations of
tomato leaf extract (5 and 10 mgmL−1) repeated three times
First synthesis Second synthesis Third synthesis
Nanoparticles Size (nm) PdI Zeta (mV) Size (nm) PdI Zeta (mV) Size (nm) PdI Zeta (mV)
5AgNPs 51.9 ± 11.6 0.501 ± 0.06 −13.7 ± 1.6 53.8 ± 7.0 0.551 ± 0.02 −12.9 ± 0.3 56.4 ± 4.8 0.510 ± 0.01 −15.4 ± 1.4
10AgNPs 86.3 ± 1.5 0.222 ± 0.01 −20.1 ± 1.6 92.6 ± 6.8 0.292 ± 0.01 −14.8 ± 2.1 84.3 ± 3.6 0.273 ± 0.01 −13.1 ± 0.8
Ag+ 119.7 ± 2.5 0.113 ± 0.01 −20.1 ± 0.7
reduce additional toxic products generated during the synthesis
of nanoparticles.37 In the present study, we report on the use of
tomato leaf extract to reduce silver ions into AgNPs.
Diﬀerent concentrations of extract from tomato leaves mod-
ulated the synthesis of AgNPs. There was a gradual increase of
absorbance with the increase in the amount of extract added to
the reactions. The increase in absorbance could be correlatedwith
possible diﬀerences in size, shape, composition, reduction yield
and/or surface chemistry of AgNPs.38,39 Based on the UV-visible
curves indicative of the SPR phenomenon, there were diﬀerences
in the size and/or shape of AgNPs, as well as the biological activ-
ity of AgNPs, synthesized with diﬀerent concentrations of tomato
leaf extract. However, some studies report that the reaction time,
temperature and concentration of the plant extract modify the
reduction of Ag+. In the present study, at the highest concentra-
tions (10–20mg of extractmL−1 of tomato leaves), the reduction
of silver ions was apparently decreased with a slight absorbance
peak below 400 nm, which is diﬀerent from that observed dur-
ing the formation of 5AgNPs. The presence and the increase of an
unknown substance in the extract could have inhibited the forma-
tion of AgNPs. Shahverdi et al.40 found that piperitone, a natural
productof Enterobacteriaceae, is involved inpreventing the reduc-
tion of Ag+ into AgNPs. The possible presence of this or others
inhibitory agents in aqueous tomato extract needs to be investi-
gated further.
Functional groups of molecules such as carbohydrates,
ﬂavonoids, phenolic compounds, phenolics acids, proteases and
terpenoids have been identiﬁed as being responsible for reducing
Ag+ to Ag0 in the green synthesis of AgNPs.41–43 FTIR analysis
allowed the investigation of possible interactions between sil-
ver and biomolecules involved in the biosynthesis of AgNPs,
resulting in nanoparticle stabilization.44,45 In the present study,
the FTIR spectra of AgNPs showed the presence of aromatic and
carboxylate groups, which are both constituents of phenolic acids.
Indeed, a high concentration of phenolic acids was previously
detected in leaf extracts of tomato such as gallic, chlorogenic,
ferulic and caﬀeic acids.46 Recently, Della Pelle et al.47 demon-
strated the importance of phenolic compounds in the reduction,
dispersion and stability of AgNPs. Others phenolic compounds
typically found in tomato leaf extracts are ﬂavonoids, chlorophyll
and carotenoids.46 Flavonoids are reported in diﬀerent studies as
comprising important reduction agents of AgNPs.39,48 In the pres-
ence of chitosan, the absorption signal of AgNPs is suppressed,
indicating a possible coating or entrapment by this biopolymer.
Indeed, characteristic bands of chitosan were identiﬁed from the
nanomaterial spectra.
Tomato leaf extract produced small AgNPs that had moderate
stability, a high reproducibility of synthesis, a non-toxic eﬀect in
tomato plants, and were active against R. solanacearum. In com-
parisonwith extracts from theplants Terminalia chebula,Mimusops
elengi,Myristica fragrans, Centella asiatica andHemidesmus indicus,
which were already used to produce AgNPs with good antimicro-
bial activity, the AgNPs synthesized with tomato leaf extract in the
present study showed a smaller size (5AgNPs and 10AgNPs had
diameters < 100 nm) and a higher colloidal stability as indicated
by the Zeta potential (<−20.1± 1.6 mV). In general, a hydro-
dynamic size between 10–500 nm is commonly found in green
synthesis approaches.49–52 AgNPs biosynthesized using tomato
leaf extract are likely to be readily taken up by the plants via pene-
tration by natural openings and can potentially translocate inside
the plants as already demonstrated.53,54 To increase stability and
facilitate the movement through the plant cuticle, AgNPs were
associated with chitosan molecules, comprising amphiphilic com-
pounds previously used in several studies.12,13 AgNPs-containing
chitosan-based nanomaterial increased the colloidal stability with
positive charges. The zeta potential values observed in 5CH-AgNPs
and 10CH-AgNPs have suﬃcient mutual repulsion to ensure the
stability of the suspension, making them interesting for appli-
cation in the ﬁeld.55 Another option for increasing the stability
without using capped or entrapped AgNPs is to optimize the
protocol of the synthesis of AgNPs, as well as extract production
(fragmentation of leaves, boiling time), variation of temperature
(increase of temperature) and reaction time, which could be
investigated further.
Reproducible eﬀectiveness and stability in storage are desirable
properties of pesticides. One of the major disadvantages of the
use an environmentally friendly procedure for reducing silver
is that a minimal variation of secondary metabolites in extract
composition could not reproduce the characteristic of particles.
The synthesized AgNPs of the present study were obtained from
tomato leaves collected only once, macerated, and then frozen ad
a powder. This procedure had a high reproducibility and AgNPs
were stable for up to 30 days with storage at 10 ∘C. The HD
was the major characteristic altered after 60 days. Stability can
be aﬀected by storage temperature over time. Jannoo et al.56
reported that AgNPs were stable after 420 days when stored at
5 ∘C and the highest stability of the AgNPs was achieved when
stored at temperatures even lower than5 ∘C. The stability of AgNPs
synthesizedwith tomato leaf extractwasnot assessedwhen stored
at lower temperatures.
The antibacterial activity of AgNPs increased with the size of
the nanoparticles after 24 and 48 h. The 10AgNPs had a higher
inhibitory eﬀect on the in vitro growth of R. solanacearum based
on IC50 and IC90 values compared to other treatments. Diﬀerences
in the eﬃciency between the treatments 5AgNPs and 10AgNPs to
control R. solanacearum could be related to the possible greater
formation of AgNPs when 10 mgmL−1 of plant extract was mixed
with AgNO3 compared to 5AgNPs. Both silver states had similarly
high antibacterial activity and toxicity up to 24 h. In other studies,
using an equimolar silver solution, Ag+ ions were more toxic to
Pseudomonas aeruginosa, Staphylococcus aureus, Saccharomyces
cerevisiae and Chlorella protothecoides than AgNPs.57 Usually, cell
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Figure 4. Size (A), polydispersity index (PdI) (B) and Zeta potential (C)
of AgNPs and chitosan-based nanomaterials at 0, 30 and 60 days after
synthesis.
mortality is greater when smaller particles are tested because of
the greater release of Ag+ ions as a result of the increased surface
area per mass/volume. Indeed, AgNPs of 20 nm were more toxic
than particles of 80 nm in vitro.58 This eﬀect was not observed
for AgNPs in the present study. Otherwise, chitosan apparently
inhibited or prevented the antibacterial activity of AgNPs in vitro
when the nanomaterials were tested. The interaction between
Figure 5. FTIR spectra of tomato leaf extract (10E; purple line), silver
nanoparticles (10AgNPs; blue line), chitosan-leaf extract (10CH; red line)
and chitosan-AgNPs (10CH-AgNPs; blue line).
chitosan and AgNPs, avoiding direct contact of the nanoparticles
with bacterial cells and a lesser microbicide eﬀect of chitosan
compared to AgNPs, could have inﬂuenced the lower eﬃciency as
noted in a previous study.59
Nanomaterials based on chitosan have interesting properties for
use in agriculture, including an increased stability and penetration
into the plant; provision of a physical barrier to avoid pathogen
penetration; biocompatibility; direct antibiosis against pathogens;
promotion of enhancement of beneﬁcial organisms; and stimu-
lation of plant defenses against biotic stresses.12,13 Chitosan also
has intrinsic bacteriostatic and bactericidal eﬀects. Escherichia coli
bacteria were completely inactivated using chitosan at the con-
centration of 1% after 2 days of incubation.60 In the present study,
chitosan was eﬀective with respect to inhibiting in vitro growth
of R. solanacearum on the second day, as well as in greenhouse
experiments.
The most eﬃcient treatment with respect to preventing the
infection of tomato plants was the application of the nanomateri-
als produced with AgNPs at 256 μmol L−1 associated with chitosan
in the rhizosphere (pre-infection-treatment). Both 5CH-AgNPs and
10CH-AgNPs were eﬀective when applied as a protective or
preventive nanochemical, before plants become infected by R.
solanacearum.When5CH-AgNPs and10CH-AgNPswere applied as
post-infection-treatment, the disease intensity did not diﬀer from
the control plants that received only water (data not shown). The
antimicrobial activities of the nanomaterials are a result of the
presence of silver, chitosan or a potential synergistic interaction
between them.15 Similar eﬀectswere reported concebring the syn-
ergistic activity that contributed to improving biological activity.61
Additionally, no toxic eﬀect was observed in the tomato plants.
Apparently, the absence of toxicity can be related to the biological
synthesis route. In a recent study using S. lycopersicum, a low toxic
eﬀect of biologically-synthesized AgNPs was reported compared
to chemically-synthesized AgNPs when introduced in the plant by
the petiole.62
The less pronounced eﬀects of AgNPs in greenhouse test can
be associated with soil interactions and changes in the prop-
erties of the particles (i.e. stability and chemistry).63 Addition-
ally, the success of management of bacterial wilt using AgNPs
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Table 2. IC50 and IC90 values and conﬁdence interval (in parentheses) of AgNPs and AgNPs associated with chitosan (CH-AgNPs) after 24 and 48 h
of treatment against Ralstonia solanacearum
IC50 (μmol L–1) IC90 (μmol L–1)
Treatments 24 h 48 h 24 h 48 h
10AgNPs 9.1 (5.7–12.5) 18.3 (15.1–21.5) 30.2 (18.9–41.4) 60.8 (50.1–71.5)
10CH-AgNPs 34.2 (26.3–42.0) 49.4 (41.4–57.3) 113.5 (87.4–139.6) 164.1 (137.7–190.3)
10CH 32.1 (24.6–39.4) 44.9 (37.8–52.2) 106.4 (81.7–131.1) 149.4 (125.4–173.3)
5AgNPs 17.7 (12.7–22.7) 77.1 (64.4–89.8) 58.7 (42.1–75.4) 256.1 (213.9–298.2)
5CH-AgNPs 30.8 (23.1–38.5) 49.2 (39.8–58.6) 102.4 (76.8–128.1) 163.4 (132.1–194.8)
5CH 38.1 (29.6–46.6) 62.3 (53.3–71.3) 126.6 (98.2–154.9) 206.8 (177.0–236.7)
Ag+ 18.0 (10.6–25.3) 71.6 (59.4–86.9) 58.9 (41.5–77.3) 250.9 (220.2–321.6)
Figure 6. Area under disease progress curve (AUDPC) in the cultivar Ellen (A, B) and cultivar L390 (C, D) by bacterial wilt (Ralstonia solanacearum) treated
withAgNPs and chitosan-based silver nanomaterials at a concentrationof 128 μmol L–1 (A, C) and256 μmol L–1 (B, D). Plantwiltwas scoredevery 2 days, up
to 15 days after inoculation. Mean AUDPCwas calculated using data from three repetitions. Error bars represent the SEM calculated from three repetitions.
Treatments are indicated below each bar.
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Figure 7. AFM topographies of R. solanacearum cells with no pretreatment cells (A), in contact with 10CH-AgNPs at 64 μM (B), in contact with AgNPs at
128 μM for 48 h (C) and AFM roughness results of cell culture incubation (median, minimum–maximum) in the absence/presence of AgNPs at diﬀerent
concentrations (64 and 128 μmol L–1) after 48 h (D). Diﬀerences of average roughness values between diﬀerent AgNPs concentrations were signiﬁcant
(P < 0.05, ANOVA). An arrow indicates the observed protuberances.
coated/entrapped with chitosan is cultivar-dependent. Disease
control was higher in Ellen than in L390 cultivar. Thus, the results
of the present study demonstrate for the ﬁrst time that the
interaction between plant systems and AgNPs induced diﬀerent
defense mechanisms that varied with the cultivar. Chitosan and
other nanoparticles (e.g. MgO NPs) are capable of inducing sys-
temic resistance and generating a physical barrier in tomato.23
The induction of resistance is the major mechanism associated
with the control of R. solanacearum when plants were pretreated
with MgO NP.23 However, host genotype aﬀects the induction
of resistance,64 which is commonly used to explain diﬀerences
in disease intensity. Other hypothesis explaining the diﬀerence
in eﬀects between cultivars is the association of the antagonis-
tic activity of silver/chitosan and also other speciﬁc mechanisms
intrinsic to each plant cultivar.
The mode of action of Ag+ ions on microorganisms is well
documented. However, the full mechanisms of the eﬀects of
AgNPs are still not clear. It is not known whether AgNPs act as a
result of their own characteristics or only after releasing the silver
ion.65,66 Silver ions interact with thiol groups present inmembrane
proteins, leading to their inactivation, thus aﬀecting transport,
cell respiration, production of ATP and DNA replication.67 In
addition, AgNPs can aﬀect microbial cells by permeating the cell
membrane and interrupting transmembrane electron transfer,
promoting oxidation of cell components, and making the cell
susceptible to reactive oxygen species.68 The present study con-
ﬁrmed the bacterial cell damage caused by AgNPs. AFM images of
R. solanacearum upon contact with AgNPs coated/entrapped with
chitosan showedan increase in roughness, size andnumberof pro-
tuberances in the cell wall in a concentration-dependent manner.
CONCLUSIONS
Nanotechnology is a promising area with respect to the devel-
opment of products for controlling bacterial plant pathogens.
AgNPs alone and AgNPs-coated/entrappedwith chitosan aﬀected
cell integrity in vitro and decreased the severity of an impor-
tant soil pathogen, R. solanacearum, both in vitro and in vivo. In
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addition, this green synthesis approach used leaf extract from the
same plant species (tomato) that would be targeted for protec-
tion against bacterial wilt, aiming to produce AgNPs via a ratio-
nal and sustainable approach. However, the possible impacts of
the residues of AgNPs and nanomaterials in the environment still
require more in-depth study, as does an understanding of their
dynamics inside the plants, such as translocation of particles and
the eﬀects of these nanomaterials against potentially beneﬁcial
bacteria. The 5CH-AgNPs and 10CH-AgNPs nanoformulations use
a low amount of silver and are inexpensive and eco-friendly. These
nanomaterials have the potential for use in an integratedmanage-
ment program; for example, for treating tomato seedlings before
they are planted in ﬁeld.
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